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MODES OF FAILURE ANALYSIS 

NERVA B-2 REACTOR 

SUMMARY 

A failure mode analysis of the NERVA 8-2 reactor design has been made. The 

results are summarized with emphasis on the design recommendations to improve the 

overall reliability of the reactor. 
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I MODES OF FAILURE ANALYSIS 

NERVA B-2 REACTOR 

INTRODUCTION 

In the preliminary design phase of the NERVA reactor, several basically 

different designs have been considered. One of these contains a bottom supported core 

and i s  identified as the NERVA 8-2 reactor design. Reliability, as stated in the NERVA 

contract, i s  of extreme importance. Because of this importance, a failure mode analysis 

of the NERVA B-2 reactor design was considered desirable. This report presents the results 

of the failure d e  analysis and indicates areas in which design changes may be made to 

improve the reliability of the design. 

RECOMMENDATIONS 

Future design effort on the NERVA 8-2 reactor should adequately consider 

the failowing recomnmdations: 

A. 

8. 

C. 

Damage of cylinders due to relative rotation should be prevented. 

Axial gaps in the graphite reflector, caused by core expansion, should 

be examined and evaluated with respect to  possible detrimental effects. 

The coefficient of friction for graphite on graphite should be examined 

to ensure tho, *tiding wil l  occur at the -.#rrious inclined planes. 

I 
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It i s  further recommended that the following design actions be considered as pertinent to 

the improvement of the overall reliability of the NERVA 8-2 reactor. 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

a. 

9.  

10. 

Cooling passages should be protected from clogging. 

Sticking of control drums should be prevented. 

Holding of the bora1 control plate should be improved. 

Small diametei cooling holes in control drum top plate should be used. 

Design of control drum stop plate, spring and spring cover should be improved. 

Core loading spring ends should be retained. 

Orientation of control drum drive shaft with contro! drum should be such that 

this w i l l  not depend upon a loose piece. 

Possibility of lithium hydride entering core should be prevented. 

Possibility of high density hydrogen entering core should be prevented. 

Cooling flow through the shield should be controlled. 

DESCRlPTlON OF NERVA 8-2 REACTOR DESIGN 

The NERVA 8-2 reactor design which was used for the analysis presented in this report 

i s  shown in  Figure 1. Figures 2, 3, 4, and 5 show th? reactor ir: schematic form. 

The NERVA 8-2 reactor design i s  based on the KIWI 8-2 design. In this design the 

core i s  supported by a bottom plate made of graphite. Loads on the core are carried by this 

plate, and then to the pressure vessel, by an inclined plane. A cooled graphite reflector surrounds 

the core, and a one piece berylliurn reflector with rotatable control drum surrounds the graphite 

reflector. The assembled reactor i s  iqserted in the pressure vessel from the top. To serve as a 



propellant tank shield, a iithium hydride shield is  located at the top of the core structure. 

Heated hydrogen i s  removed through the shield and drives the turbine, thus the pump. 

Additional heat i s  added os the hydrogen posses through the nozzle skirt. 

FAILURE MODE ANALYSIS PROCEDURE _ _ _  - ~ _ _  

Since detail drawings for the NERVA 0-2 reactor are not in existence, the design 

is, in a sense, incomple!e; and the failure made analysis must start by examining the general 

layout or assembly drawing. From this drawing a parts l i s t  i s  created. To provide identification 

each w r t  i s  assigned a planning parts l i s t  number. This number wi l l  be used throughout the 

anafysis. In addition, when detail drawings become available, this n u d e r  w i l l  be associated 

with the part number; however, i f  there i s  future redesign, there may be several part numbers 

that would be identified with a single planning parts l i s t  number. The planning parts l i s t  

number i s  used primarily for planning and is  most useful prior to the assignment of part numbers. 

Each part, now identified by a planning parts l i s t  number (see Table I), i s  

considered separately; part function i s  established; and the details of the part, os visualized 

from the availabie informotion, are studied. For each part, every conceivable mode of faihre 

i s  noted, and the probable cause or causes of each mode i s  recorded. How the mode of failure 

affects tbe operation of the engine is  next evaluated and enumerated. 

Action to eliminate or prevent each mode of failure i s  determined. This recommended 

action may: (1) require special quality control effort during the manufacturing phase and consist 

of special tests, measurements, or procedures; (2) require some special laboratory tests, such 

as environmental tests, to demonstrate the design integrity; and (3) suggest additional design 

effort. During the preliminary design phase, the recommended action 
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the attainment OF a design with inherently high reliability. It i s  for this reason that the 

failure mode analysis of this report has been made. 

Results of the failure mode analysis are summarized on a special form (see 

Table IJ). This form l is ts  the part name, planning parts l i s t  number, node of failure, 

hazard, effect on thrust, cause of failure, recommended methods to eliminate or prevent 

failure, and disposition. In the future,, the disposition column i s  to  be used to note the 

action actually taken. 

Since the summary of Table I I  i s  aimed at recommending design actions to 

improve the reliability of the design, the recommended actions are discussed, in greater 

detail, in the following paragraphs. 

RESULTS AND DISCUSSION 

The design of the NERVA 8-2 reactor, as shown in Figures 1, 3 3, 4, and 5 

i s  incomplete in that no detail drawings and, in most cases, no detail design analyses 

have been made. Extensive design effort would be required before a completely satisfactory 

design would bz available. However, at  this early stage in  the design, a failure mode 

analysis i s  highly desirable so that changes which can aid in  the attainment of a design with 

higher reliability can be recognized and design ac t im  taken before changes would be 

difficult to make, 

During the course of the failure made analysis several features in the design were 

observed as requiring additional design effort before these can be considered satisfoctory 

for use in  the design. These features are to be investigated thoroughly before the design 

reaches i t s  final form. Though not noted in the detail failure mode analysis, these features 

& 



ore listed below 0s reminders for adequate consideration in future design work on the 

NERVA 8-2 reactor: 

A. Suitable arrangements should be provided to prevent damage of the many 

cylinders due to retathe rotation. 

8. Radial expansion of the core when heated w i l l  cause axial gaps in the 

graphite reflector. That t.?ese gaps are not going to  cause overheating of parts exterm/ 

to the graphite reflector shwuld be determined. If the gaps are detrimental, these should 

be eliminated or the design modified to reduce the heat flow through the gaps. 

C. Sliding of the bottom support plate 3n the inclined ramp may present 

borne serious design problem. If the coefficient of friction of graphite on graphite i s  too 

high to permit sliding of the parts, the core support structure can be overstressed to the 

point of failure. Failure of the core support structure in this manrer would result in a 

catastrophic faiiure of the reactor. The detail design of the core support, the top core 

support, and h e  reflector cylinder segments must consider the sliding of graphite on 

graphite; and design action must be taken to assure that seizure and sticking can never 

, 

occur. 

Table I I  presents the "Failure Mode Analysis Summary." This special form 

summarizes the results of the malfunction analysis and contains the follow;ng information: 

1. Part Name 

2. Planning Parts List Number 

3. Mode of Failure 

4. Hazard 

5. Effect on Thrust 

6 
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6. Cause of Failure 

7. Recommended Methods to Eliminate or Prevent Failure 

a. Testing during manufacturing 

b Laboratory testing during development 

c. Design 

Disposition (Reserved for future use.) 8. 

Since the design of the M R V A  8-2 reactor i s  a preliminary one, the recomme!ided 

design changes wil l  be the most effective items reported in the summary of Table II. it i s  

certain that i f  the failure modes can be eliminated by design changes, the inherent reliability 

wi l l  be improved. This report i s  therefore concerned primorily wi th  the design recommendations. 

During the detail design of the NERVA 8-2 reactor. "ne following items should be considered 

os potentiai improvements to obtain a higher inherent reliability. 

1. Protect cooling passages from clogging. There are cooling passages through 

the graphite reflector, beryllium reflector, control drums, core and shield and over the 

prevwe vessel. In most cases the cooling flow i s  vital to continued operation. This cooling 

flow must be maintained or serious failure wil l result. The use of screens, strainers, tiaps, 

etc., wil l improve the inherent reliability. Cleaniiness, care and quality control can assist 

by eliminating many sources of debris; however, there are sources of debris that wi l l  defy 

detection. When one particle, .loo-. 150" across i t s  maximum dimension, can cause 

catastropic faiii e of the reactor by blocking any one of the 8029 holes in the core, i t 

appears most logical to piovide additional protection. 

2. Prevent Control Drum Sticking. The control drums must be prevented from 

sticking i n  the open position. With the fast control planned, the drums are forced into the 
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open position at every incieasing power surge. Sticking of only one drum in the ope2 

position can cause o local core hot spot that w i l l  result in  catastrophic core failure, In 

the design review it i s  apparent that there will be temperature gradients through the control 

drum, resulting in  distortion. Sufficient clearance must be provided. It would seem 

desirable to do something in  the detail design to minimize stick:ng in tSe event of rubbing. 

Closely spaced circumferential V-grooves along the surface of the drum would be effective 

at reducing sticking since the apex of the aluminum couid wear off rapidly and ollow the 

drum to increase i t s  clearance locally. This and other schemes can be quite impwtc-t in 

minimizing the effect of rubbing. 

The bottom control drum bearing i s  designed such that the a. differential 

expansion i s  taken out by the outside diameter of the bearing sliding in the bearing holder. 

This i s  likely to promote sticking; thus, the control drum can stick and bind. The use of a 

roller bearing at this location would prevent this type of failure. In any case, a self aligning 

bearing should bs used because of the distortim that takes place in the reflector assembly. 

Design cf a failsafe control i s  very important. Failure in  the control 

circuits that w i l l  cause a single control drum to go to the full open position must be avoided 

at all costs. It is expected that many such failures moy occur and design ac?ion to eliminate 

these wi l l  prove to be most helpful in improving the inherent reliability. 

3. Improve holding of boral control plate. The boral plate i s  held between the 

aluminum cover and the beryl1 ium control drum. Differential expansion can cause the plate 

to loosen or to be held too rightly. tf too loose, it can rattle due to vibration and break; i f  

too tight, i t  may be distorted sufficiently to break The design should be reviewed to mak? 

sure that this critical part i s  properly held such that i t  wi l l  not break. 
----.---- 

o s -  
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4. Use s m a l l  diameter cooling holes in cmtrol dum !op plate Generation 

of chips due to vibro'ion and distortion inside the control drum aiiiin:num sleeve may be 

- -- 

unavoidable. These chips should not be permitted to enter the core. The outlet cooling 

holes should not be any larger than one third the diameter of the core inlet holes. Any 

particle that gets outside the drum sleeve can then p a s s  unobrflucted through the core. 

5. Irnpove des;gn oi cantrol drum s t o p  plate, spring and :;ring coJer. The 

stop plate and spring hwe  axial and radiai 

welded to the bot4orn support ring 

Attachment of the stop plate and spring should be reviewed. It i s  sugyested that these be 

individually attached, with ai! axial or radial piay removed 

eedom, being retained b! o fixed cover 

Vibro'ion can cause wear and failc8,e of +hese parts. 

Dependence on a welded-on 

sheet metal cover should be izvoided. 

6. Retention of core loading spring end;. It i s  reasopable to assume that sooner 

or later one of the core lwding springs w i l l  fail. I f  the two pacts a-e not retainsd, these 

can set into the core inler and can block holes in the core causing catastrophic core 

failure, even though the suppoft of +he core w i l l  be unaffected by tne loss of a single 

mring. It i s  suggested that the spring supports be arranged to retain each end. The last 

co i l  of +he spting can be snapped intc. u groove, retaining the spring in  the event of 

$ai I ur e. 

depend upon separate loose piece. The design shown indicates a separate Ioose.dowe1 pin iri 

the connecting spline, The dowel pin can fall out at assembly, or can be I d t  oitt. In either 

case the shaft may be assembled incorrectly. The results of such an assembly can be a nuclear 

GCC ident. 

k c: 
9 
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8. Prevent lithium hydric!, From entering the cwe. Carbm i s  highly corrarive 

in the presence of lithium hydride. Design effort to prevent LiH entering the ccre wilt 

increase the inherent re1 iability. 

9. Prevent high density hydrogen from entering the ccre. Gaseous hydrogen below 

9OCR and liquid hvdrogen at 37.sOR must not enter the core. High density hydrogen entering 

the core can cause increased nuclear activity that is  very difficult to coctrol with the 

rotating drums of the NERVA reactor. In addition to the physical damage caused by such 

iJncontrollability and the safety aspects, there is  the possibility of Jamage to the core from 

temperature shock when low remperature liquid hydrogen contacts the core. During a start 

i t  i s  planned to program the starting events in sequence and depend upon thermal capacity, 

flow characteristics, etc. to make sure that high density hydrogen never reaches %e core. 

The inherent reliability of the reactor can be improved by design action that can posiiively 

assure that high density hydrogen can neve: enter the core. From the safety stcndpoint 

this actior, may be mardatcrry. 

io. Control of coolir,g flow through the shield. The shield becomes hcated by 

absorbing neutrons in the Lit-! and gamma radiations in the stainless steei. The temperature 

of the shield i s  determined by the flow of hydrogen thrmgh the shield. The flow of hydrogeri 

i s  controlled by the flow passages through the shield, the piping and valving to the turbine, 

the postages through the nozzle, and the characteristics of the discharge nozzle ar nozzles. 

Of these, Westinghouse i s  only responsible for the shield flow passagos. Design variations, 

malfunctions, etc., in the portion of the system outside Westinghouse responsibility can have 

a profound effect upon the satisfactory operation of the shield. Care should be taken such 

that these outside influences are satisfactory for the shield design. 

10 
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TABLE I PLANNING PARTS LIST 
TITLE: NERVA 8-2 REACTOR 

NUMBER 

D6.2.0.0.0 

06.2.1 .O.O 
D6.2.1,1 .O 
D6 2.1.1,l 

06.2.1.1 2 

06.2.1.1.3 

D6.2.1.1.4 

D6.2 1.1-5 

D6.2.1.1.6 

D6.2.1.1.7 

D6.2.1.2.0 

D6.2.1.2.1 

D6.2.1.2.2 

D6,2,1.2.3 

06.2.1.2.4 

G6.2 1.2.5 

D6.2-1.2.6 

06.2.1.2.7 

96.2.1-2.8 

06.2.1.2.9 

D6.2.1.2.10 

D6.2.1.2.11 

06.2.1.2.12 

06.2.2.0.0 

06.2.2.1.0 

- 

PART NUMBER 

No Part Numbers 
Available 

1 

1 

1 

1 

1 

1147 

1147 

1147 

As req' d 

As req'.d 

1 

1 

1 

36 

36 

As rey' d 

36 

1 

1 

1 

36 . 

36 

DATE 1-8-62 
REVISION 0 

PART NAME 

Reactor Section Axial B-2 Top Loaded, 
Heated Bleed 

Core 

Core Assembly 

Top Support Plate 

Bottom Support Plate 

Support Fuel Element 

Graphite Sleeve 

Fuel Elemen6 

Fil ler Strip 

Pyrolytic Graphite Plates 

Reflector Cy!inder Assembly 

Support Ring 

Bottom Circumferential Load 
Ring 

Bottom Load Ring Segments 

Reflector Cylinder Sector 

Pyrolytic Graphite Tiles 

Top Load Ring Segments 

Spring Support 

Top Support Ring 

Top Circumferential Load Ring 

Segment Loading Spring 

Reflector Load Spring 

Spring Support Ring 

Reflector and Control Element 

Reflector Support Ring (Core 
Support Structure) 

16 
i 



WANL-TNR 4 2  - -  . . .  - 
PLANNING PARTS LIST DATF 1 -8 -62 
TITLE: NERVA 8-2 REACTOR 

hUMBER 

06 2.2 2 0 

06.2.2 3.0 

D6.2 2.4.0 

D6.2.2.5.0 

D6.2.2.6.0 

D6.2.2,7.0 

06.2.2 8.0 

06.2.2.9.0 

D6.2.2.13.0 

D6.2.2.10.1 

D6.2.2.1G.2 

06.2.2.10.3 

06.2.2.10.4 

D6.2.2.10.5 

06.2.2.10.6 

D6.2.2.11.0 

D6.2.2.12,O 

D6.2.2.13.0 

06  2-14.0 

06.2.2.15 0 

D6.3.2.16.0 

D6.2.2.17.0 

06.2.2.18.0 

06.2.2.19.0 

D6.2.2.20.0 

D5.2.2.21 .O 
D6.2.2.22.0 

PART NUMBER 

No Port Numbers 
Avai lab I e 

24 

1 

12 

12 

12 

43 

12 

43 

12 

1 

1 

1 

1 

1 

1 

24 

12 

12 

12 

12 

12 

48 

1 

48 

48 

12 

12 

REVISION 0 TABLE I 
-- 
2UA NT . 

- 
PART NAME 

ieflector Sector 

Bottom Reflector Ring 

Dowel Pin 

Dowel Pin 

Dowel Pin 

Through Bolt 

Lock Plate 

Lozk Cup 

C ~ n t r ~ l  Drum 

Control Cylirder 

Control Plate 

Control Cylinder Sleeve 

Spring 

Bearing Shaft (Top) 

Bewing ShrCt (Bottom) 

Bearing 

Snap Ring 

Stop Plate 

Stop Pin 

Control Drum Return Spring 

Spring Cover 

lnser t He1 ;-coi 1 

Bearing Support 

Bo1 t 

Lock Cup 

Threaded Ring 

Lock Washer 

f 

17 
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_I .7 *.-- --i-31, 

DATE 1-8-62 
REVISION 0 TABLE I 

TITLE: NERVA B-2 REACTOR 

1 U A M .  
t I 

PART NAME NUMBER PART NUMBER 
I 

06.2.2.23.0 

06.2.2.24.0 

D6.2.2.25.0 
06.2.2.26.0 

D6.2.2.27.0 
D6.2.3.0.0 

I 
D6.2.3.1.0 

D6.2.3.2.0 

06.2.3.3.0 

96.2.3.44 

i 06.2-4.0-0 
06.2.4.1 .O 

06.2.4.2.0 

No Part Numbers 
Available 

12 

12 

12 
12 
12 
--- 

1 

4 

36 
36 

1 

1 

1 

Connector Shaft 

1 
Nut 

Cup Wosher 

Dowel Pin 

Floating Shaft 

Core Support Structure (Part of 
Reflector and Control Element - 
See 06.2.2.1.0) 

Core Support Ring 

Core Support R i n g  Reroining 
Segments 

Bolts 

Lock cup 

Shield Primary (Inside) 

Shield 

Baffle 

18 
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TABLE I I  

FAlLURE MODE ANALYSIS SUMMARY 

NERVA 8-2 3EACTOR 

LIST OF ABBREVIATIONS AND SYMBOLS USED 

VW. 

T 

H2 

Qc 

E 
X 

I NT. 

P. 

Ass. y .  

V iErat ion 

Temperature 

Hydrogen 

Cuality Control 

Environmental Test 

X-ray 

Internal 

Preswre 

Assembly 

19 
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IAN II 

1. 3 

N.lr 

Nor 

lvrr 
1. 3 

1. 3 

5 

1. 3 

w 

5 

2.3 

5 

b 

Vib,AT, W F l r  

Vib.AT 

Vib.AT 

va. 
va. 

r-?- 
va.,i.r(c. 

va.. I.. ~d. 
C d .  Frictio. 

v*. T.rp. -- 

20 
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FAILUIC MOM ANrrlYSIS S U W Y  I NBVA 8-2 RCACTOU 

-I- 
7AUE - 

EFffX? 0 

W U S l  

Na 

5 

Na 

Na 

2. 3 

2. 3 

2. 3 

5 

2. 3 

Nm 

Nm 

2. 3 

-- 

va., t. 
I '  

va., T. 

Vib , 1. Shock 

2 EVENTUAL CXSRUCTION 
3 DECREASE MORE THAN 7'% 
4 I M R E A S E  
5 DECREASE LESS W A N  10% 

21 
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*EFFECT ON THRUST 

1. IMMEDIATE OESlRUCflON 
2. EVENlUAL DESRUCTION 
3. WCUEASE MMLE THANjrAb 
4. INCREASE 
5. DECREASE LESS THAN 10% 

24 
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I PLANNfNG 
PAL1 PARTS LIST 

bUMR NAME 

:mt*d 
Cylinda 

Control 
Cyiindd SI- 

-- 
Bearing Haft 
(Tap) 

MODE 
of 

FAILURE 

06.2.2.10.2 Crock 

B r d  

lmlk 

Dirtm 

Dirtaf 

I 

L*ok - Tram. 

Loak - Lon&. 

Break - Lorpit. 

Diriat 

Dirtat 

I ) 8 d  

Ralal 

nut undrrcut 

6r-k b t - n  
baarim nut 
undncut and Ipl 

B r d  ot splirw 
und.rcut 

Na VB.,CI.* 

Nor* Vib,Fkr 

 on T., nor sw. 
Clq@ c d i w  hd 

1( 2, 3, 4 1.. HOB Spar. 
C l q p d  C d l *  hd 

Non VX. 

hrpr 1. Sock., Diuafior 

I. 2, 3, 4 1. Shock., Diuatia 

Non 1. 

Vib..T.,Fla 

X 2, 3, 4 I Vib.,T.,Fla 

NUN Vib.,T .,Flaw 

I( 2, 3‘ 4 

Nor* 1. 

x 2, 3, 4 

Norr VB.,Flm 

x 2, 3, 4 

Nono T q .  

x 2, 3, 4 

5 lncarccr  torrpre, 
Vib. 

5 Incorrect taguq 
Vib. 

5 Incwcct taqv9* 
Vib. 

*EFFECT ON MRUSl 
1. IMMEDIATE WSTRUCTION 
2. EVENTUAL #SlRLtCTlON 
3. DECREASE MQRE TnANWJb 
4. INCREASE 
5. DECREASE LfSS THAN IQk 

L 
9 

4. 

i 

25 



u1 I*MmI Non D.kErv0 
(c..b 

WIRokinr X 2 0.hctiwo 
(..Q - 

+ R i q  06.2.2.12.0 No, in Goovo Nonr, C m l r A v l l b l y  

Stop flmta 06.2.2.13.0 W a r  Kaya x 2. 4 Vib,W rahirrd 
a k l l y  onc l d i l l y  

k.a*lB x 2,4 Vib., Flo* 

Stop Pin ob.22.14.0 NOn 

WANL-TNR-042 

C m h d  Dim 06.2.2.15.0 &wak 
RotumSpring 1 1 

I I I 

Spicp CQVW W.2.2.16.0 B n d r o C  Wold X 2, 4 M Wold 

- 1 
lmrt Hdi-cd l  W.2.2.17.0 Cull Out N o n i  lmufficiant &rood 

0nmIP-M 

kaiqsvpPart  06.2 2.18.0 BnOLdlhrwd X 4, 5 Vib.,Flaw 

k.oLMour*iq x 4 5 Vi.,Flo*, 
F l a a e  

* E T  ON 1nRun 
1 IMMEDIATE OCSTRUCTION 

3. DLCREASE W E  THANWY, 
4. INCREASE 
5. DECREASE LESS 1WN 10% 

2. ~VENIUAL ocsmuciioN 

. - =a*--- 
7-- -. 26 
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Wl 

L a b  C q  

L a h d u r  M.22.220 

D a l  Pin w.2.2.26.0 

Rirg 

Ririg Reminirig 

W.2.3.3 0 

Lock Cup W.2.3.4.5 

Nonr 

Foilwe to Crimp 

Omit at A u l k l y  

k i turo 

8 4  Radially 

beok 

Break ’ 

‘EFFECT ON THRUST 

I.  IMMEDIATE DESTRUCTION 
2. EVENTUAL DESTRUCTION 
3. DECREASE MORE T H A N  ?@% 
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